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Abstract
 .A 1.0 kb cDNA clone Dd14-3-3 encoding a 14-3-3 homologue was isolated from a Dictyostelium discoideum cDNA
 .library. The putative Dd14-3-3 protein has highest sequence identity to a barley 14-3-3 isoform 74% . Southern blot
analysis suggests that only one 14-3-3 gene is present in the Dictyostelium genome. Highest Dd14-3-3 expression is
observed in vegetatively growing cells, and expression decreases during multicellular development. In contrast, Dd14-3-3
protein levels detected immunochemically remained constant during Dictyostelium development. Expression of the
Dd14-3-3 cDNA in Saccharomyces cere˝isiae complemented the lethal disruption of the two yeast genes encoding 14-3-3
 .  .proteins BMH1 and BMH2 . This shows that Dd14-3-3 can fulfil the same function s as the yeast 14-3-3 proteins.
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14-3-3 proteins are acidic, highly conserved pro-
teins of approximately 30 kDa, which have many
diverse functions. These proteins are found in a wide
variety of organisms, including mammals, plants,
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w xXenopus lae˝is, Drosophila and yeast 1,2 . Nearly
all eukaryotic organisms studied contain multiple 14-
3-3 isoforms, which act as homo- or heterodimers in
w xvivo 3,4 . 14-3-3 was first identified in mammalian
brain tissue, where it is an abundant cytosolic protein,
involved in activation of tryptophan-5-hydroxylase
and tyrosine-3-hydroxylase in the presence of
Ca2qrcalmodulin-dependent protein kinase II, lead-
w xing to neurotransmitter synthesis 5 . 14-3-3 was also
shown to have a wider variety of functions, especially
in signal transduction events. 14-3-3 proteins were
demonstrated to regulate protein kinase C activity
w x6,7 . The receptor for the fungal toxin fusicoccin,
localized in oat cell membrane preparations, was
w xidentified as a 14-3-3 protein 8 . Furthermore, 14-3-3
was shown to be necessary for raf protein kinase
wactivation by ras, leading to mitogenic signaling 9–
x 2q11 . Additionally, 14-3-3 is essential for Ca -depen-
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w xdent exocytosis 12 and as a co-factor for ADP-ribo-
sylation of small G-proteins by Pseudomonas aerugi-
 . w xnosa exoenzyme S ExoS 13 . Finally, 14-3-3 has
been identified in the nuclear G-box binding factor
w xfrom Arabidopsis 14 . The eukaryotic social amoeba
Dictyostelium discoideum, undergoes aggregation and
differentiation upon food depletion, resulting in a
fruiting body consisting of a spore mass supported by
w xa rigid stalk 15 . Signaling components including
seven transmembrane receptors, G-proteins, adeny-
late cyclase, guanylate cyclase, phospholipase C, ras
and several protein kinases and phosphatases have
w xbeen isolated from this organism 16,17 . Since 14-3-3
has been shown to play an important role in cellular
signaling, we cloned the Dictyostelium 14-3-3 homo-
logue to determine its possible function in Dic-
tyostelium signaling processes.
Redundant primers based on highly conserved se-
quence motifs present in 14-3-3 proteins were de-
 .signed see Fig. 1 for sequence of the primers . PCR
with these primers, gave a 700 bp fragment with high
sequence similarity to known 14-3-3 sequences. This
700 bp fragment was then used to screen a lgt11
cDNA library, made using mRNA from 3.5 h starved
cells. The clone obtained contained an intact open
 .reading frame of 756 bp Fig. 1A . The open reading
frame codes for a deduced polypeptide of 252 aa
 .approximately 29.5 kDa . The protein sequence
showed high identity to 14-3-3 proteins from plants,
 .S. cere˝isiae, Drosophila and mammals Fig. 1B ,
 .with the highest identity 74% to that from barley
 . w xHordeum ˝ulgare 14-3-3 18 . The Dd14-3-3 pro-
tein has over 70% identity to 14-3-3 isoforms from
plants and yeast and approximately 64% identity to
those proteins from vertebrates.
Southern blot analysis at high stringency showed
single bands when genomic DNA was digested with
 .HindIII or RsaI Fig. 2 . Digestion with EcoRI
confirmed the presence of the EcoRI site at position
545, since two bands were observed. Since virtually
all eukaryotic organisms studied posses multiple 14-
w x3-3 isoforms 1 , we searched for other Dictyostelium
14-3-3 sequences by PCR analysis and Southern blot-
ting. PCR at several lower annealing temperatures
and Southern blot analysis at different hybridization
stringencies failed to identify other 14-3-3 sequences
 .data not shown . Dictyostelium therefore is unique
in possessing only one 14-3-3 isoform. Screening of
the Dictyostelium YAC library confirmed the pres-
ence of only one copy of the Dd14-3-3 gene in the
Dictyostelium genome, which was situated on chro-
mosome 1 and was named the fttA locus.
Fourteen-three-three A;A. Kupsa, personal commu-
.nication . All these data strongly suggest the presence
of only one 14-3-3 isoform in D. discoideum.
We analyzed the developmental regulation of tran-
scription of the Dd14-3-3 gene. Dictyostelium ex-
pressed one major Dd14-3-3 transcript of approxi-
mately 1.1 kb. The Dd14-3-3 mRNA was maximally
 .expressed in vegetatively, growing cells 0 h and
 .  .very early during development 2–6 h Fig. 3 . The
Dd14-3-3 RNA level however decreased dramatically
after 8 to 10 h of development, reaching a very low
level of expression which remains constant up to 16 h
of development. The Dd14-3-3 RNA was almost
 .absent in culminants 20 h and mature fruiting bod-
 .ies 24 h . The decrease in Dd14-3-3 transcription
commenced after approximately 8 h of development,
which coincided with the formation of multicellular
w xstructures 16 .
The amount of 14-3-3 mRNA present in the Dic-
tyostelium cells was very high and comparable to the
amount of actin mRNA, as was found in other organ-
w xisms 1 .
To further investigate the developmental regulation
of Dd14-3-3, we analyzed 14-3-3 protein levels dur-
ing the Dictyostelium developmental program. A
polyclonal antibody raised against bacterially gener-
w xated S. cere˝isiae 14-3-3, Bmh1 protein 19 , recog-
nized a 30.5 kDa protein in total cell extracts from
.Fig. 1. A Nucleotide sequence of the Dd14-3-3 cDNA and the deduced aa sequence. The sequence is available in Genbank under
accession number X95568. Coding sequences are in capital letters and non-coding sequence in lower-case letters. The sequence of the
 .  . .  .  .  .  .  .  .PCR primers used were gc arcrt aa arg crt t arcrgrt gc arcrt ga arg ca arg gc arcrt ga arg , which coincides with bp 176-199
 . . . .  .  . .  .  .  .  .and argrt crg art argrt gtcca arcrgrt a arg arg tt arg tc art c grt , which are bp 818-844. B The aa sequence of Dd14-3-3
 .  .  .was compared with the aa sequence from 14-3-3 proteins from Barley P29305 , S. cere˝isiae Bmh1,P29311 , Drosophila P29310 and
 .human z isoform, P29312 . Highly conserved amino acid residues are underlined.
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Fig. 2. Southern hybridization of genomic Dictyostelium Ax2
DNA to a complete Dd14-3-3 probe. Dictyostelium genomic
 .  .  .DNA was digested with EcoRI E , HindIII H or RsaI R ,
separated on a 0.7% agarose gel in TBE and the blot was
hybridized to a random-primed Dd14-3-3 probe in 50% for-
mamider5= SSPEr5= Denhardtsr1% SDS at 428C for 16 h.
The blot was washed twice in 5= SSPEr1% SDS, twice in 2=
SSPEr1% SDS and once in 1=SSPEr1% SDS for 20 min at
428C.
 .Dictyostelium Fig. 4 . The proteins of approximately
39 and 43 kDa, which were faintly visible on the
Western blot, were not specific, since they also ap-
peared when the blot was probed with the secondary
Fig. 3. Developmental expression of Dd14-3-3. Total RNA was
isolated from Dictyostelium A=2 cells at the indicated times of
development on non-nutrient agar. 5 mg of total RNA was
separated on 1.2% agarose gel in 40 mM Mops, pH 7.0, 10 mM
NaAc, 1 mM EDTA with 6.5% formaldehyde and transfered to
 .Genescreen membrane NEN . Blots were hybridized to Dd14-3-3
 .  .A and actin B probe under the conditions described in the
legend to Fig. 2.
Fig. 4. Western blot analysis of total protein preparations from
Dictyostelium. Total protein was isolated from Dictyostelium
A=2 cells at the indicated times of development. Sample buffer
60 mM Tris, pH 6.8, 10% glycerol, 5% 2-mercaptoethanol, 80
.mM SDS final concentrations was added to the cells, the sam-
ples were boiled for 4 min, and loaded onto a 12% SDSrPA gel.
Separated proteins were electroblotted in 25 mM Trisr190 mM
glyciner20% methanol to a nitrocellulose membrane. The pro-
tein blots were blocked in TBSTr 5% milk for 2 h at room
temperature. Dictyostelium 14-3-3 protein was visualized by
incubation with a rabbit polyclonal antibody raised against bacte-
rially expressed yeast Bmh1 protein, followed by incubation with
goat-anti-rabbit peroxidase labeled antibody and chemolumines-
 .cence staining Boehringer Mannheim kit .
antibody alone. Western blot analysis showed that the
level of the Dd14-3-3 protein was virtually constant
during development. In contrast, as shown in Fig. 3,
the Dd14-3-3 mRNA level decreased during devel-
opment. It is not clear why the level of Dd14-3-3 was
constant during the multicellular development. 14-3-3
w xproteins in general are very stable proteins 1,2 .
Cell fractionation experiments, demonstrated that
the Dd14-3-3 protein was localized in the soluble
 .fraction data not shown , consistent with the obser-
w xvation that 14-3-3 proteins are cytosolic 1 . One
exception is the oat 14-3-3 protein, responsible for
binding the fungal toxin fusicoccin, which is partially
membrane bound. Fusicoccin binding could not be
detected in Dictyostelium cell extracts data not
.shown , which is not surprising since Dd14-3-3 was
localized in the cytosol.
The yeast S. cere˝isiae contains two genes BMH1
.and BMH2 which code for 14-3-3 proteins. Disrup-
tion of one of these genes alone had only marginal
effects on growth, whereas disruption of both genes
w xis lethal 19–21 . Experiments were performed to
determine whether Dd14-3-3 could complement the
bmh1 bmh2 double disruption. The haploid yeast
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Fig. 5. Complementation of the S. cere˝isiae BMH1 BMH2
double disruption by expression of Dictyostelium 14-3-3. The
Dd14-3-3 cDNA was obtained after digestion with KpnI and
SacI and cloned into the pYESrTRP1 plasmid digested with the
w xsame enzymes yielding pYES-TRP Dd14-3-3 . This plasmid con-
tains the yeast TRP1 gene and the Dd14-3-3 cDNA under control
 .of the yeast GAL1 promoter van Heusden et al., 1995 . Yeast
strain GG1305 haploid leu2-3,112 ura3-52 trp1-92 his4
w x.bmh1::LEU2 bmh2:: APT1 YCplac33 BMH1 was transformed
w x w xwith pYES-TRP, pYES-TRP BMH1 , pYES-TRP BMH2 and
w xpYES-TRP Dd14-3-3 and tryptophan prototrophic transformants
were selected. The yeast strains obtained were streaked on MYZ
w x  .  .23 plates containing galactose 1.5% wrv , uracil 20 mgrml ,
 .  .histidine 20 mgrml and 5-FOA 1 mgrml . Plates were incu-
bated for seven days at 308C. Upper section, GG1305 pYES-
.  w x.TRP ; right section, GG1305 pYES-TRP Dd14-3-3 ; lower sec-
 w x.tion, GG1305 pYES-TRP BMH2 ; left section, GG1305
 w x.pYES-TRP BMH1 .
strain GG1305 has both yeast 14-3-3 encoding genes
disrupted and carries a functional BMH1 gene on the
w xplasmid YCplac33 22 , which also contains the URA3
marker. GG1305 was transformed with the plasmid
w xpYES-TRP Dd14-3-3 , which has the Dd14-3-3
cDNA under the control of the inducible GAL1 pro-
moter and a TRP1 marker. As shown in Fig. 5 right
.section the strain obtained formed colonies on plates
containing 5-FOA and galactose. In contrast, GG1305
containing the empty pYES-TRP vector did not form
 .colonies on this medium Fig. 5, upper section ,
while GG1305 transformed with the pYES-TRP vec-
tor containing the BMH1 or BMH2 gene under con-
trol of the GAL1 promoter formed colonies as ex-
 .pected Fig. 5, left and lower section, respectively .
These results indicated that Dd14-3-3 could substitute
for the Bmh1 and Bmh2 proteins, suggesting a simi-
lar function for Dd14-3-3. However it could not be
excluded that Dd14-3-3 has additional functions in
Dictyostelium. A commonly used method to obtain
functional information on a gene product in Dic-
tyostelium is to disrupt the gene. Because the haploid
eukaryote Dictyostelium contains only one gene en-
coding a 14-3-3 protein, it is very likely that disrup-
tion of this gene is a lethal event. This can explain
why we were unable to disrupt the Dd14-3-3 gene,
 .despite numerous attempts data not shown . There-
fore, the exact function of the Dd14-3-3 protein
remains to be established, although a possible role in
growth has been shown in this report.
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